INTRODUCTION
Flexible sigmoidoscopy (FS) is the third most commonly performed lower gastrointestinal examination in the UK, with ove r 5 0 0 , 0 0 0 pro c e du re s performed each year [1] . Flexible sigmoidoscopy is the first line investigation for anorectal symptoms and it is a primary colorectal cancer screening modality in England and Canada performance indicators [4, 5] , or 2) directly, with direct observational assessment tools [6] . The latter allows for a trainee's skills to be evaluated by an observing assessor. In this context, assessments are performed with the objective of complementing training by highlighting procedure-specific strengths and weaknesses. Serial formative assessments can provide an indication of a trainee's progress, direct performance enhancing feedback, and indicate readiness for summative assessment and unsupervised practice [7] .
The formative direct observation of procedural skills (DOPS) in lower gastrointestinal endoscopy (Supplementary material) were developed by the Joint Advisory Group on Gastrointestinal Endoscopy (JAG) [8] for FS and colonoscopy [9] , and may be used interchangeably for both procedures. Although validity evidence has previously been presented for colonoscopy [10] , similar data are lacking in FS. DOPS assessments are completed by supervising trainers on the JAG Endoscopy Training System (JETS) e-portfolio, a webbased platform used by all UK endoscopy trainees to record training procedures [11] . DOPS were developed following multidisciplinary expert consultation, which deconstructs components in sequential order based on procedure and nontechnical elements into items with accompanying descriptors, enveloped within item groupings (domains). All DOPS are rated on a supervision-based scale and measure generic endoscopic non-technical skills (ENTS) [7, 12] . The current FS DOPS comprises 24 items organised into five domains (7 pre-procedure; 8 procedure; 3 management of findings; 2 post-procedure; 4 ENTS) and is separately complemented by an overall DOPS rating.
Determining when and how specific endoscopic competencies are attained will be useful to trainees, trainers and training programmes. Competence-assessment tools such as DOPS are well-placed to evaluate this when studied across a large training cohort.
Despite the implementation of DOPS into the UK curriculum, validity evidence to support its use in FS training remain lacking. This study had the following aims and objectives: i) to assess validity and reliability of formative DOPS, ii) to use DOPS to study and benchmark competence development (learning curves), and iii) to identify factors associated with DOPS competence.
METHODS

Study Design
This was a UK-wide observational study of in-training formative DOPS assessments for all FS procedures submitted onto the JETS e-portfolio in the 18-month period between July 2016 and December 2017. Direct observation of procedural skills completed based on the outdated performance-based scoring scale were excluded, as these differ with regard to competence assessment [7] . Under JAG recommendations, the decision for DOPS is made prior to commencing a procedure in order to minimise case-selection bias.
Study Covariates
For each DOPS, systematic data extraction was performed on the following: individual item scores, case difficulty overall assessor rating, trainee and assessor identifiers, specialties and training seniority. The lifetime procedural count for sigmoidoscopy immediately preceding the DOPS assessment date were collected; these were electronically determined based on trainee-populated JETS e-portfolio procedures. As some trainees also trained in colonoscopy, the lifetime FS count also incorporated colonoscopy procedures.
Outcomes
The primary outcome studied was the overall DOPS rating, which was independently awarded to the DOPS items and scored on a 4-point ordinal categorical scale [9] . In order to facilitate analysis, each outcome was converted into numeric form, i.e. Score 1 (requiring maximal supervision), Score 2 (significant supervision), Score 3 (minimal supervision), Score 4 (competent without supervision). Secondary outcomes included the mean DOPS score, and scores for pre-procedural, technical, post-procedural and ENTS domains. These were scored on a 4-point scale, but items could be rated "not applicable" (N/A) if assessment was not possible. The N/A scores were excluded from item and domain-level analyses.
Statistical Analysis Exploratory Factor Analysis
Exploratory factor analysis (EFA) determines whether the distribution of scores within DOPS suggests that underlying latent variables are being assessed. Exploratory factor analysis was performed using a principle axis factoring with a threshold of Eigenvalue=1 and Varimax rotation in order to extract positively correlated factors into main groupings [13] .
Generalisability Theory
Reliability estimates were performed using generalisability theory [14, 15] , a conceptual framework which applies variance component analysis to estimate the influence of key assessment variables on overall DOPS rating. In this instance, variance components included: trainee ability (across all assessors and cases); assessor stringency (across all trainees and cases); assessor subjectivity attributable to the trainee; and general error, most of which will be case-to-case variation. From this data, generalisability coefficients (G) can be calculated as a function of the number of cases and assessors. The generalisability coefficient is based on the same equation as a reliability coefficient (subject variance/[subject variance + error variance]) and ranges between 0 (no reliability) and 1 (total reliability). A coefficient of ≥0.70 is the generally accepted threshold for in-training assessments [14] .
Contrasting Groups Method
Each DOPS was stratified according to a global competency rating, i.e. Scores 1-3 as non-competent and 4 as competent. Distributions for mean DOPS scores (domain and item-total) were calculated for competent and non-competent groups, and subjected to contrasting groups method analyses (Fig. 1) [16] . The intercept for the two distributions was used to generate competency thresholds, which enabled consequence analysis by estimating theoretical false positive (FP) and false negative (FN) rates of competence.
Competency Development
To estimate competency development (learning curves), mean scores were calculated for each item, domain, and global DOPS scores (mean item DOPS score and overall assessor rating) and analysed by strata of lifetime procedure count.
Multivariable Analyses (Generalised Estimating Equations)
Multivariable binary logistic regression analysis was performed to identify independent predictors of DOPS competence (overall DOPS score of 4). The generalised estimating equations (GEE) method using an autoregressive (AR1) structure was selected to account for the nonindependence of procedures performed by the same trainee.
Statistical analyses were performed in SPSS (v24, Arkmont, NY: IBM Corp), with p<0.05 indicative of significance throughout.
RESULTS
Baseline Characteristics
In total, 3,616 FS DOPS submitted by 596 assessors (median DOPS per trainee: 2, IQR 1-6) from 211 UK training hospitals were included for analysis. These were completed for 468 trainees (median DOPS per trainee: 2, IQR 1-8) from gastroenterologist (N=189), gastrointestinal surgeon (N=113), non-medical endoscopist (NME; N=145) and general practitioner (GP; N=5) specialties. The median number of DOPS per trainee ranged across specialties (p<0.001) and was highest into the NME group (11, IQR 3-23), followed by GP (9, IQR 6-17), gastrointestinal surgeon (2, IQR 1-4) and gastroenterologist (2, IQR 1-3). The median lifetime procedure count also varied across specialty (p<0.001): gastroenterologist: 129 (IQR 44-245), gastrointestinal surgeon: 180 (IQR 89-303), NME: 172 (91-243) and GP: 64 (36-126).
The overall assessor DOPS ratings comprised: Score 1: 2.3%, Score 2: 9.2%, Score 3: 28.0% and Score 4: 60.5%. When analysed at item level, 91.6% of items were assessed, with 8.4% rated N/A. The 'N/A' ratings were most frequently applied to the items of: 'Complications': 63.3%, 'Sedation': 44.6% and 'Report Writing': 13.1%.
Factor Structure
Exploratory factor analysis (Table I) identified two positively correlated factors whose strongest loadings broadly correspond into 'pre-procedural' and 'procedural' groups. All factor loadings exceeded 0.4. 
Sources of Variance
Variance component analysis was performed to estimate the effect of key variables on the overall DOPS assessor rating. Sources of variance included: trainee ability (27%), assessor stringency (15%), assessor subjectivity attributable to the trainee (18%) and case-to-case variation (40%).
Reliability
Combining the variance estimates based on generalisability theory, the reliability of formative DOPS could be modelled on varying combinations of trainers and observations (Table II) . Twelve observations (3 DOPS each from 4 different assessors) provided sufficient reliability to meet the reliability threshold of 0.70.
Establishing Competency Thresholds
Following contrasting groups analyses, competent and noncompetent overall DOPS scores could be delineated based on Contrasting-groups method for ascertaining competency thresholds for a DOPS [16] . The x-axis refers to the mean DOPS score while the y-axis depicts the estimated proportion or frequency. In this example, distribution curves of mean DOPS scores were plotted according to non-competent (blue) and competent (orange) assessments based on the overall sigmoidoscopy DOPS score. The intersect of the two curves marks the ideal minimal threshold for the studied item or domain. 
Competency Development in Trainees
Mean DOPS scores were presented by lifetime procedure count for each item (Table III) to chart competency development for specific skills across the cohort. At itemlevel, a mean score of 3.84 was set as a competency threshold. This showed that 50-74 procedures were required to attain pre-endoscopic competencies, 125-149 procedures for scope Table III . Flexible sigmoidoscopy DOPS performance at item-level according to lifetime procedure count. The contrasting groups method was used to define the competency threshold for DOPS by comparing the mean DOPS score with the overall DOPS rating (see Figure 1 ). The scores marked in bold denote those which have passed the threshold (mean score of 3.84).
Lifetime Procedure Count Analyses were also performed at domain level (Fig. 2) . This showed that competency development occurred in the order of: pre-procedure domain, ENTS domain, mean DOPS score, procedure domain, management domain, with post-procedure domain being the last to be acquired. These results followed those from item-level analyses.
Predictors of DOPS competency
On multivariable analysis (Table IV) , lifetime procedural count (p<0.001), easier case difficulty (p<0.001), and 
DISCUSSION
In the era of competency-based medical education, the role of continuous formative assessment during patient-based training is increasingly mandated by national accreditation bodies such as the National Accreditation System (NAS), American Society of Gastrointestinal Endoscopy (ASGE) and JAG [3] . In addition to the educational value provided to trainees, this approach enables trainers to monitor and verify progression of their trainee, and for training programmes to oversee competency development across the cohort of trainees, enable benchmarking, and to set milestones. Valid (wellgrounded) and reliable (reproducible) formative assessment tools are therefore pivotal in facilitating competency-based endoscopy training.
This study, centred on FS DOPS for a pan-UK cohort of trainees, provides validity evidence for DOPS. The validity framework proposed by Messick, cites five sources of validity evidence in psychometric assessment: content, response, internal structure, relations to other variables and consequential validity [17] . The alignment between the EFA observed factors and the 'pre-procedural' and 'procedural' phases indicates expected internal structure (though this evidence alone is weak) [18] . Reliability is also intrinsic to psychometric validation; an assessment cannot be valid if measurements cannot be consistently reproduced. We have demonstrated that DOPS can be used to assess developing FS procedural skills with a level of reliability comparable to other workplace assessments. The learning curves analyses demonstrate the expected relationships with other variables, whilst the establishment of a pass-fail threshold confers consequential validity [18] . Content validity may be inferred from its expert multi-disciplinary implementation following an iterative DOPS process of task deconstruction, whereas response process validity may be surmised from survey data citing high trainee and assessor confidence in standards set by colonoscopy DOPS [10] .
The literature on FS assessment is sparse. The landmark study from 1986 by Hawes et al. evaluated time to competency in 25 residents [19] . Trainees were graded on the percentage of mucosal visualisation and correct diagnoses, and on a sixpoint score for overall competence (1-3: non-competent, 4-6: competent), the authors concluded that 24-30 procedures were required to achieve competence in 85%+ of assessed procedures. However, in this small study, it is arguable that a single rating may have insufficient granularity to assess different competencies, and that ratings of competence may be affected by the nature of the scoring scale [7] . Sarker et al. [20] presented an assessment tool comprising 6 generic and 4 specific technical skills which demonstrated moderate scale reliability (Cronbach alpha: 0.79-0.81), with scores correlating with experience [20] . Thomas-Gibson et al. [21] evaluated the role of video assessment of FS extubations in FS screening practitioners, culminating in an assessment scoresheet which evaluated overall competence, and 5 specific performance areas: time spent viewing mucosa, re-examination of poorly viewed areas, suctioning of fluid pools, luminal distension, and lower rectal examination. This assessment tool showed good reliability (intraclass correlation coefficient 0.89) and was capable of discriminating between clusters of adenoma detection rates.
Contrary to earlier studies, which suggested that competency in FS might be achieved after 20-60 procedures, our data showed that overall competency was achieved in the cohort after 150 procedures. This discrepancy may be explained by several mechanisms, including: 1) the unsedated nature of FS performed in the UK, 2) the assessment of technical and non-technical skills, 3) the relative lack of access to pre-clinical simulation based teaching, 4) previous studies have based competency thresholds using sensitivities of 80%-90%, whereas our study, based on contrasting groups analysis, applied a mean DOPS score of 3.84 as a competency benchmark which provided a sensitivity (1-FN) of 99%. Reducing the competency benchmark to achieve a sensitivity of 80% would have led to a significantly higher FP rate, which risks rating non-competent trainees as being competent, at the potential disservice to patients.
The ASGE acknowledges that competence refers not only to technical achievement of performance standards of the examination (e.g. unaided in 80%-90% of examinations), but also to understanding the cognitive aspects of the procedure, including risks, benefits, and alternatives to the procedure [22] . Within the UK, training in endoscopy has evolved to ensure high quality patient care. This concept not only requires demonstration of effective and safe procedural skills, but also on the modern day attention to non-technical skills and post-procedural management. Trainees are increasingly expected to practice beyond the original endoscopy procedure and consider instigating the relevant necessary investigations to expedite the patient journey, which requires experience, medical knowledge and the understanding of a breadth of pathologies. Thus, the definition of competent within the UK may differ from other healthcare systems.
A limitation of real-world FS assessment is the lack of an evidence-based standard with regard to procedural extent. Within the literature, FS completion measures vary according to scope insertion depth and anatomical location, e.g. splenic flexure [20, 23, 24] . Within the UK, FS is performed without sedation and typically with enema preparation, which limits its extent [25] . Hence, trainees' skills may not be as robustly assessed compared to colonoscopy, which requires caecal intubation. Indeed, the majority of DOPS were rated as demonstrating overall competence. The relative lack of variance in the overall score attributable to the trainee (27%) was lower than the figure of 65% reported in senior endoscopists [26] , which may explain the relatively high DOPS and assessor combinations required to achieve the in-training reliability threshold of 0.7. Data from multivariable analyses show that trainees were less likely to be rated competent in more complex cases. As competence in endoscopy requires independent and consistent performance across a range of case difficulties and contexts [3] , the reliability models presented reflects this paradigm.
Several limitations specific to this study should be acknowledged. First, the observational study design enables inclusivity of analysis of formative assessments within a realworld training environment, but is inherently a source of bias. Trainees performed DOPS at variable intervals and frequencies, the engagement of which differed by specialty. In response, JAG has attempted to improve standardisation by recommending a minimum of 1 DOPS per 10 training procedures. Second, lifetime procedure counts were calculated according to the number of JETS procedures logged by trainees. This has the potential for selection bias, which risks underestimating the procedural requirements in the learning curve analyses. Third, the majority of DOPS were performed for NME trainees, which may affect generalisability of data to other training cohorts comprising medical/surgical specialties. Non-medical endoscopists often do not have prior endoscopy experience (e.g. in pathology recognition and management), focus solely on FS training, and benefit from accelerated endoscopy training programmes, and hence, may require greater procedural numbers until competence is achieved. Despite this, NMEs appear to develop technical competencies on par with medical counterparts [27] , which is supported by our multivariable analysis showing the lack of difference in DOPS competency outcome by trainee specialty. Fourth, we did not study specific polypectomy competencies, as these are measured on a separate instrument: the direct observation of polypectomy skills (DOPyS) [9] . Finally, as discussed above, variance analyses suggest a high error rate which impacts on the reliability estimates and the numbers of formative DOPS to accurately gauge competence. Future studies involving trainer assessment of videotaped procedures may be required to assess the inter-rater reliability of DOPS and to evaluate sources of DOPS variation.
CONCLUSION
This study provides evidence of validity and reliability in support of DOPS, and profiles competency development in a range of technical and non-technical competencies at item and domain level. Contrary to earlier studies based on destination-orientated endpoints, overall competency in FS was attained after 150 lifetime procedures. Our data may be of relevance to training programmes considering minimum procedural requirements and competency-based curricula, and for screening accreditation programmes centred on FS. 
DOPS form descriptors
Pre Procedure Indication  Assesses the appropriateness of the procedure and considers possible alternatives
Risk assessment
 Assesses co-morbidity including drug history  Assesses any procedure related risks relevant to patient  Takes appropriate action to minimise any risks
Confirms Consent
 Early in training the consent process should be witnessed by the trainer, once competent it is acceptable for the trainee to confirm that valid consent has been gained by another trained member of staff.  During the summative DOPS the process of obtaining consent should witnessed and assessed  Complete and full explanation of the procedure including proportionate risks and consequences without any significant omissions and individualised to the patient  Avoids the use of jargon  Does not raise any concerns unduly  Gives an opportunity for patient to ask questions by adopting appropriate verbal and non-verbal behaviours  Develops rapport with the patient  Respects the patient's own views, concerns and perceptions 
